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ABSTRACT 

Object  identification  and  avoidance  by  an  autonomous  underwater 
vehicle  requires  that  a  knowledge-based,  intelligent  control  system 
have  some  way  to  quantify  sonar  returns  from  an  object  for  comparison 
with  stored  data  on  simple  shapes.  One  measurement  of  an  insonified 
object  is  its  target  strength,  which  is  dependent  on  geometrical  shape 
and  surface  properties.  This  thesis  examines  various  aspects  of  target 
strength  for  two  geometrically  similar,  open-ended  cylinders  with 
different  expected  surface  properties.  Experimental  data  was 
obtained  in  an  anechoic  underwater  chamber  using  two  acoustic 
transducers  where  position  of  the  cylindrical  object  was  varied  relative 
to  the  transducer's  locations.  Target  strength  estimates,  as  well  as 
propagation  time  delay  of  the  insonifying  signal,  were  studied.  The 
experimental  results  were  compared  to  the  calculated  values  of  a  fully 
insonified,  finite  cylinder. 
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I.    INTRODUCTION 

The  United  States  Navy  has  had  an  interest  in  unmanned,  unteth- 
ered,  and  fully  autonomous  vehicles  for  more  than  two  decades.  In 
recent  years,  interest  has  been  focused  on  the  long-range  autonomous 
vehicle  (LRAV),  whose  prospective  missions  include  survey,  inter- 
diction, information  gathering,  and  ocean  engineering  [Ref.  1].  The 
potential  for  LRAVs  to  execute  forward  area  strategy  has  not  been 
overlooked,  nor  has  the  requirement  for  extreme  reliability  in  both 
mission  hardware  and  software  of  the  LRAV  guidance  and  control  sys- 
tem [Ref.  2].  One  of  the  most  critical  subsystems  would  involve  the 
obstacle-avoidance  sensor  and  processor. 

It  is  essential  that  the  presence  and  nature  of  obstacles  be  sensed 
within  a  matter  of  seconds.  The  required  LRAV  maneuvers  are  dif- 
ferent for  encounters  with  mooring  cables  or  piles,  rocks  or  low 
lying  objects,  or  impassable  objects  such  as  a  breakwater.  [Ref.  2] 

While  there  have  been  a  great  many  technological  advances  in  the 

area  of  high-resolution  imaging,  such  as  side-scan  sonar,  infrared 

imaging,  and  low-light-level  optics,  most  of  these  developments  were 

designed  to  provide  information  for  human  processing  [Ref.  3].     An 

imaging  system  for  "intelligent  control  systems"  must  be  designed  to 

provide  workable  information  that  will  allow  the  system  to  perceive  its 

environment  where   little   or  no    a  priori  information   exists.      This 

requires  that  the  signal  received  by  the  sensors  be  quantifiable  so  that 

a  knowledge-based  system  has  the  ability  to  reliably  categorize  the 

information  and  make  decisions  accordingly.    One  characteristic  of  a 


target  is  its  target  strength,  which  is  based  on  target  geometry,  mate- 
rial properties,  and  the  insonification  frequency.  This  thesis  has 
investigated  some  aspects  of  target  strength  for  cylinders  with  respect 
to  differences  in  reflecting  surfaces  and  spatial  relation  to  the 
receiver. 


II.  BACKGROUND 

Work  in  object  avoidance  has  been  carried  out  with  land-based 
robots  using  optical  and  infrared  systems  as  well  as  with  acoustics 
[Ref.  4].  While  the  latter  systems  have  the  advantage  of  good  bearing 
resolution,  they  are  very  range  limited  in  water,  especially  in  the  tur- 
bid and  murky  water  that  accounts  for  most  of  the  in-shore  waters  and 
harbors  as  well  as  deep  ocean  soft-sediment  bottoms.  There  has  been 
a  good  deal  of  success  in  using  transducers  on  land  for  mapping  an 
area  where  multiple  sensor  readings  are  modelled  as  probability  pro- 
files and  projected  onto  a  map  to  represent  empty  or  occupied  spaces 
[Ref.  4].  The  environment  was  modelled  in  a  two-dimensional  plane 
with  regular  geometric  features,  which  is  inadequate  for  representing 
a  free-swimming  vehicle  with  six  degrees  of  freedom  in  an  irregular 
environment  such  as  the  ocean  floor  [Ref.  5].  Additionally,  the  system 
gives  little  information  on  what  the  obstacle  is,  only  showing  whether 
it  is  present. 

One  type  of  sonar  system  which  produces  high-resolution  images 
is  the  side-scan  sonar.  While  developed  for  mapping  horizontal  sea 
floors,  the  technology  shows  promise  for  use  on  vertical  and  sloped 
surfaces  and,  in  some  cases,  large  curved  surfaces  [Ref.  6].  There  are, 
however,  several  limitations  which  place  constraints  on  the  develop- 
ment of  a  system  suitable  for  an  AUV.  To  obtain  accurate  information 
from  the  side-scan  sonar,  a  stable  platform  which  can  be  moved  rela- 


tive  to  the  surface  in  a  controlled  manner  with  constant  speed,  head- 
ing, altitude,  and  low  rates  of  yaw  is  required.  In  addition,  little 
progress  has  been  reported  in  signal-processing  algorithms  for  side- 
scan  sonar  with  respect  to  image  analysis  and  pattern  recognition. 
[Ref.  7] 

The  most  successful  body  of  work  associated  with  sonar  imaging 
for  AUVs  relies  on  a  knowledge-based  process  for  the  intelligent  con- 
trol system  whereby  sensor  input  is  evaluated  and  compared  to  known 
information  or  models  so  that  appropriate  action  can  be  taken  by  the 
system  [Ref.  8].  In  the  case  of  a  sonar  signal,  the  echo  received  must 
be  classified  as  either: 

1.  the  primary  echo  reflected  from  an  object 

2.  multi-path  reflections  which  correspond  to  objects  which  do  not 
exist 

3.  noise    from    other    acoustic    sources,    surface    reflection,    or 
reverberation. 

Real  objects  exhibit  temporal  correlation  in  their  global  axis  position 
and  produce  a  set  of  measurement  features  (size,  shape,  speed,  etc.) 
within  boundaries  which  can  be  defined  a  priori  by  a  training  set. 
Real  objects  thus  identified  will  have  a  limited  range  of  shapes 
because  of  poor  spatial  resolution  of  sonar.    [Ref.  9] 

Stewart  [Ref.  5]  has  designed  a  3-D  underwater  model  for  sonar 
mapping.  He  starts  with  the  basic  sonar  equation  and  uses  probabilis- 
tic methods  to  account  for  non-ideal  sensors.  In  the  basic  equation, 
target  strength  is  replaced  by  a  more  general  term  of  scattering 
strength.  Uniform  scattering  in  all  directions  is  assumed  so  that  only 
the  spatial  distribution  of  scattering  strength  is  modeled. 


Actual  target  strength  is  determined  primarily  by  object  size, 
shape,  and  the  frequency  of  the  incident  sound.  Little  is  known  about 
the  frequency  dependence  of  the  target  strength  for  most  targets  [Ref. 
10].  The  target  strength  is  a  function  of  its  sonar  cross-section  o, 
which  can  be  determined  analogously  to  radar  cross-sections.  High- 
frequency  approximations  for  several  basic  target  shapes  partially 
insonified  by  a  sonar  beam  have  been  published  [Ref.  11].  If  the 
knowledge-based  system  will  be  required  to  evaluate  and  categorize 
target  shapes,  additional  knowledge  with  regard  to  target  strength  of 
objects  must  evolve. 


III.    EXPERIMENTAL   SET-UP 

A.  GENERAL 

This  chapter  describes  the  experimental  configuration  used  to 
obtain  the  data  for  this  thesis.  To  investigate  the  influence  of  object 
distance,  orientation,  and  relative  position,  a  ranging  system  and  two 
cylindrical  "targets"  were  installed  in  an  underwater  anechoic  cham- 
ber. The  set-up,  preliminary  results,  and  target  strength  evaluations 
are  given  here. 

B.  EXPERIMENTAL  APPARATUS 

A  ranging  system  was  designed  using  an  Atlantic  Research  LC-10 
transducer  as  a  noise  source  and  an  EDO/Western  model  6600  omni- 
directional transducer  as  the  receiver.  The  EDO  was  chosen  due  to  its 
availability  and  its  relatively  flat  frequency  response  from  0  to  300  kHz. 
The  two  hydrophones  were  mounted  on  plastic  tubing  2.0  cm  apart 
and  71.0  cm  below  the  surface  of  the  water.  The  experiment  was  car- 
ried out  in  an  anechoic  water  tank  of  the  dimensions  illustrated  in 
Figure  1. 

A  Hewlett-Packard  3314A  function  generator  was  used  to  produce 
a  200  kHz  burst  with  a  2.30  msec  sweep  of  amplitude  6.0  volts.  The 
signal  was  sent  through  a  Hewlett-Packard  476A  power  amplifier,  then 
to  the  source  transducer.  The  output  was  monitored  on  a  Kikusui 
model  COS5060A  oscilloscope. 
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Figure  1.   Side  View  of  Tank 


The  return  signal  from  the  EDO  transducer  was  amplified  through 
a  Tektronix  TM-501  power  module  using  100  gain  and  a  10  kHz- 
1  Mhz  bandwidth,  then  to  the  second  channel  of  the  oscilloscope. 
Figure  2  shows  a  diagram  of  the  experimental  equipment  configuration 
used. 

The  targets  used  to  generate  an  echo  consisted  of  two  similarly- 
sized  hollow,  open-ended  cylinders—  one  of  aluminum  and  the  other  of 
PVC  plastic.  Dimensions  were  37.0  cm  in  length  and  17.0  cm  OD. 
Two  configurations  were  used:  The  cylinders  were  either  suspended 
vertically  or  horizontally  in  the  water.  Depth  and  position  relative  to 
the  transducer  were  then  varied,  and  data  on  the  time  delay  and 
amplitude  of  the  return  signal  were  then  recorded  for  all  configura- 
tions. Figures  3  and  4  illustrate  the  geometry  of  the  transducers  and 
targets. 

Distances  to  targets  were  computed  by  multiplying  the  time  delay 
of  the  return  by  the  speed  of  sound  (c)  in  water.  A  water  temperature 
of  20.0°  C  was  recorded  and  the  speed  of  sound  of  the  water  was  com- 
puted using  the  following  empirical  formula  [Ref.  10]: 

c  =  1449.05  +  45.7  T  -  5.21  T2  +  0.23  T3 

+  (1.333  -  0.126T  +  0.009  T2)  (S  -  35)  (1) 

where 

S  =  salinity  in  PPT  (S  =  0) 
T  =  20°  C/10 
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Figure  2.  Acoustic  System 
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Figure  3.   Vertical  Cylinder  Set-Up 
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Figure  4.   Horizontal  Cylinder  Set-Up 
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The  calculated  value  for  c  used  in  this  experiment  was  c  =  1482.46 
m/s. 

C.   DETERMINATION  OF  TARGET  STRENGTH 

The  determining  equation  for  this  experiment  was  the  sonar 
equation  for  active  sonar: 

EL  =  SL  -TL  -TL*  -  TS  (2) 

where 

EL  =   echo  level  at  receiver  (dB) 

SL  =   source  level  (dB) 

TL  =  TL'  =  transmission  loss  through  water  (dB) 

TS  =  target  strength  (dB) 

Figure  5  graphically  depicts  the  relationship  of  the  terms  used. 

A  general  model  for  transmission  loss  of  the  source  level  was 
based  on  the  model  for  loss  due  to  spherical  spreading  in  a  fluid, 
which  is  given  by  [Ref.  10]: 

TL  =  AR  +  20  log    jt-  (3) 

where  A  is  the  sound  absorption  coefficient  in  DB/M.  By  convention, 
the  log  R  term  is  normally  nondimensionalized  by  Ro  =  1.0  M,  but  due 
to  the  short  distances  measured  in  this  experiment  (80-120  cm),  this 
term  proved  unsuitable  for  our  analysis.    By  definition,  TL  =  0  at  the 
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Figure  5.   Model  for  Active  Sonar  Equation 
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source,  therefore  the  Ro  chosen  for  this  experiment  was  the  radius  of 
the  source  transducer;  Ro  =  .635  cm,  the  AR  term  in  the  basic  equa- 
tion is  so  small  at  R  =  Ro  (less  than  5  x  10-4  dB/cm)  that  it  can  effec- 
tively be  considered  zero  for  the  purposes  of  this  experiment. 

The  sound  absorption  coefficient  (A)  for  water  can  be  closely 
approximated  from  the  relationship  A  =  C(F)2,  where  F  is  the  fre- 
quency in  Hz  and  the  coefficient  (C)  can  be  found  from  the  empirical 
formula  [Ref.  10]: 

C  =  4.76  x  10-13  (1.0  -  4.0  x  10~2  T  +  5.9  x  10"4  T2 

x  (1.0- 3.8  x  10-4P0)  (4) 

where 

T  =  20°  C 
P0  =  1.0  ATM 

C  was  found  to  be  2.0746  x  10" 13  and  A  =  8.298  x  10"5  dB/cm. 

The  final  transmission  loss  equation  used  for  all  calculations  was: 

TL  =  (8.29825  x  10-5  dB/cm)  (R)  +  20  log  (R/0.635  cm)  (5) 

D.     SOURCE  LEVEL  VERIFICATION 

To  verify  the  validity  of  this  equation  for  future  calculations,  the 
receiving  transducer  was  placed  at  roughly  the  depths  and  distances 
that  the  targets  would  later  be  placed.  The  amplitude  of  the  received 
signals  was  recorded  and  then  compared  with  the  calculated  values. 
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As  can  be  seen  from  Figure  6,  the  actual  values  generally  fell  within 
±  1  dB  of  the  calculated  values,  with  the  largest  deviation  of  ±  2  dB. 
The  amplitude  data  from  this  initial  test  was  also  graphed  versus 
depth  and  horizontal  offset,  with  respect  to  the  source.  As  can  be 
seen  in  Figure  7,  when  any  given  depth  is  held  constant,  and  the  hori- 
zontal displacement  is  varied,  the  apparent  level  at  the  target  site 
drops  off  2  to  3  dB  as  one  approaches  the  outer  limits  of  60.0  cm  off- 
set from  the  center.  Additionally,  when  offset  is  held  constant  and 
depth  is  varied,  the  site  level  drops  off  3  to  5  dB  at  the  upper  and 
lower  extremes  of  depth,  which  corresponds  to  37.0  cm  above  and 
below  the  source  transponder  level  (Figure  8).  Both  graphs  reveal  that 
the  farther  away  a  target  is  from  the  perpendicular  line  relative  to  the 
source  transducer,  the  less  accurate  the  model  for  transmission  loss 
and,  consequently,  target  strength. 
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Figure  7.   Sound  Level  at  Target  Site 
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Figure  8.    Sound  Level  at  Target  Site 
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IV.    RESULTS 

A.      GENERAL 

The  results  of  the  experiment  are  displayed  graphically  as  target 
strength  amplitude  vs.  depth  in  Figures  9  through  11  for  the  vertically 
suspended  cylinder  and  in  Figures  12  through  14  for  the  horizontally 
suspended  cylinder.  Target  strength  amplitude  vs.  horizontal  offset  is 
presented  for  the  vertically  suspended  cylinder  in  Figures  15  through 
17  and  Figures  18  through  20  for  the  horizontally  suspended  cylinder. 
In  general,  the  amplitude  of  target  strength  for  the  plastic  cylinder 
was  less  than  for  the  metal  cylinder  over  all  depths  and  positions. 
When  data  points  from  the  same  offset  were  compared  over  all  depths, 
the  target  strength  generally  fell  off  at  the  extremes  of  upper  and 
lower  depths.  This  factor  can  be  attributed  to  the  effect  of  the 
reduced  sound  level  at  the  target  site  (which  was  discussed  in  the 
previous  section)  and  also  to  the  reduced  area  of  target  presented  to 
the  source  and  receiver.  The  same  trend  is  seen  in  the  horizontal 
cylinder  at  varied  depths. 

When  the  data  is  presented  with  depth  held  constant  and  hori- 
zontal offset  varied,  the  results  are  less  clear-cut,  although  there  is  a 
general  trend  for  the  target  strength  to  decrease  at  the  extremes  of 
off-center  positions.  The  reduction  in  the  amplitude  can  be  attributed 
to  the  same  factors  that  reduced  target  strength  with  respect  to 
depth.  There  appears  to  be  a  pronounced  effect  from  multipath  sig- 
nals off  the  sides  of  the  tanks  at  the  off-center  positions  which  tended 
to  enhance  some  signals.  Additionally,  as  the  horizontal  cylinder  was 
offset  to  ±  60.0  cm,  the  possibility  that  sound  waves  were  striking  the 
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end  and  internal  surfaces  of  the  cylinder  further  complicated  the 
analysis  of  the  target  strength.  Stewart  [Ref.  5]  dealt  with  the  problem 
of  reduced  target  strength  in  his  model  by  constructing  envelopes  of 
equal  amplitude  emanating  from  the  receiver,  each  corresponding  to  a 
specified  scattering  strength,  where  targets  with  scattering  strength 
above  a  given  threshold  would  be  detected  while  those  of  a  lesser 
strength  might  or  might  not,  depending  on  their  location.  The  actual 
boundary  from  which  a  pulse  would  be  detected  is  a  function  of  power 
level,  transmitter  beam  pattern,  transmission  loss,  noise  level,  and 
receiver  characteristics. 

Identifying  and  categorizing  cross-sections  would  therefore  most 
likely  occur  on  axis  at  a  distance  specified  by  a  related  envelope  of 
detection. 

B.      COMPARISON     WITH     ANALYTICALLY     DERIVED     TARGET 
STRENGTH  ESTIMATES 

The  target  strength  of  a  fully  insonified  finite  cylinder  was  calcu- 
lated using  the  method  presented  by  Gaunaurd  [Ref.  11].  The  high- 
frequency  approximation  using  the  Fresnal  Zone  method  leads  to  the 
expression: 

TS=AL2/2?i  (6) 

where 
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A  =  radius  of  cylinder 
L  =  length  of  cylinder 
X  =  wavelength  of  beam 

This  equation  can  only  be  used,  however,  if  the  separation  between 
receiver  and  target  is  greater  than  the  "Rayleigh  distance,"  which 
equates  to  L2/X.  In  the  case  of  this  experiment,  the  Rayleigh  distance 
is  calculated  to  be  1850  cm,  much  greater  than  the  conditions  in  the 
laboratory  set-up.   In  his  paper,  Gaunaurd  advises: 

If  one  is  constrained  to  operate  at  small  wavelengths,  then  one  must 
be  vary  far  away  from  a  finite  length  cylinder  to  be  able  to  make  far 
field  observations  of  its  returned  echoes.  Since  this  is  hardly 
possible  in  the  laboratory,  one  makes  the  measurements  anyway,  at 
smaller  distances,  with  the  understanding  that  this  near  field  data 
cannot  be  compared  to  the  far  field  results  of  the  finite  cylinder.... It 
soon  becomes  clear  that  it  must  be  compared  to  the  far  field  result 
of  the  infinite  cylinder. 

The  target  strength  of  an  infinite  cylinder  under  spherical  waves,  still 

at  large  distances;  R  »  A  is  found  to  be: 

TS  =  10  log  (A/4R)  (7) 

where 

R  =  the  distance  between  receiver  and  target 
A  =  the  cylinder  radius 

For  this  experiment,  a  representative  R  =  81.0  cm  and  A  =  8.5  cm 
gives  a  target  strength  of  -15.81  dB.  This  number  does  not  correlate 
well  with  the  experimental  results:  for  this  particular  case,  TS  was 
found  to  be  8.61  dB  for  the  metal  cylinder  and  6.75  dB  for  the  plastic. 
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In  all  probability,  distance  between  target  and  receiver  were  still  too 
small  to  utilize  this  far-field  approximation.  In  addition,  this  method 
cannot  distinguish  between  rigid  and  soft  targets  and  predicts  cross- 
sections  somewhere  between  the  two  extremes  of  behavior  [Ref.  11]. 

C.  LIMITATIONS  DUE  TO  NOISE 

In  performing  the  experiments  in  a  finite  body  of  water,  the 
problem  of  surface-reflected  noise  from  the  side  walls  and  free  surface 
could  not  be  ignored;  the  magnitude  of  these  spurious  returns  was  in 
some  cases  of  equal  strength  to  the  poorest  target  returns  and  in  some 
cases  tended  to  mask  the  target  from  the  observer.  True  target 
echoes  could  be  distinguished  from  false  by  initiating  a  small  amount 
of  movement  of  the  target  relative  to  the  receiver;  the  shift  in  time 
delay  of  the  moving  echo  allowed  for  it  to  be  identified  as  a  "true"  sig- 
nal. Ensuring  that  the  target  and  receiver  were  located  in  the  geo- 
metric center  of  the  tank  would  help  provide  separation  between 
target  and  false  echoes.  Additionally,  mechanically  shielding  the 
receiver  and  employing  a  directional  source  could  have  reduced  the 
side-wall  reflections. 

D.  CONCLUSIONS 

This  work  has  presented  a  description  of  an  experimental  study  of 
underwater  acoustic  returns  from  cylindrical  targets,  both  metal  and 
plastic,  to  determine  whether  target  strength  information  can  be  used 
to  identify  object  characteristics.    The  results  showed  that: 
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1.  Target  strength  can  be  used  to  distinguish  between  the  metal  and 
plastic  cylinders.  However,  other  factors,  such  as  position  of  the 
target  relative  to  the  transducer,  reduce  the  amplitude  of  the 
return. 

2.  Multipath  and  side-wall  echoes  enhanced  some  returns  when  the 
target  was  near  the  surface  or  sides  of  the  tank. 

E.      RECOMMENDATIONS 

The   following   recommendations    are   made   for   future    studies, 
based  on  the  findings  of  this  initial  work: 

1.  Employ  a  narrow-beam  transducer  and  initially  insonify  target  on 
axis  only  to  reduce  effects  from  multipath  returns. 

2.  Insonify  a  narrow,  very  long  cylinder  at  greater  distances  if  data  is 
to  be  compared  to  mathematical  equations;  this  should  also 
reduce  the  effects  of  sound  reflecting  off  the  inside  edges  of  the 
open-ended  cylinder. 

3.  Refine  the  basic  sonar  equation  by  including: 

a  detection  threshold,  which  accounts  for  signal-to-noise  ratio 
and  the  probability  of  the  target  being  identified  in  ambient 
noise;  and 

b.  directivity  index,  which  accounts  for  the  probability  of  a 
directional  sonar  picking  up  the  echo  in  its  field. 
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